LiMn 2 O 4 suffers from severe capacity degradation when used as a cathode material in rechargeable lithium-ion batteries, especially when cycled at high rates and elevated temperatures. To enhance its high-rate electrochemical performance at elevated temperature (55 C), we use atomic layer deposition (ALD) to deposit ultrathin and highly conformal Al 2 O 3 coatings (as thin as 0.72 nm) onto micron-sized and nano-sized LiMn 2 O 4 with precise thickness-control at atomic scale. All ALDmodified electrodes exhibit significantly improved capacities and cycling stability compared to bare electrodes. In particular, the effect of ALD coating to improve electrochemical performance of LiMn 2 O 4 is more distinct for nano-sized LiMn 2 O 4 than for micron-sized LiMn 2 O 4 , and more distinct for electrochemical cycling at higher charge/discharge rates. For example, nano-LiMn 2 O 4 electrode coated with 6 Al 2 O 3 ALD layers delivers higher initial capacity (124.7 mA h/g) and final capacity (106.7 mA h/g) after 100 cycles than bare electrode with an initial capacity of 112.3 mA h/g and a final capacity of only 95.5 mA h/g, when cycled at a very high rate of 5 C at 55 C. In addition, nanoLiMn 2 O 4 electrodes show much better rate performance than micron-LiMn 2 O 4 electrodes at 5 C. The enhanced electrochemical performance of ALD-modified LiMn 2 O 4 is ascribed to high-quality ALD oxide coatings that are highly conformal, dense, complete, and thus protect active material from severe dissolution, and to a formed robust glass layer on the surface of LiMn 2 O 4 that suppress its crystallographic transformation during electrochemical cycling. Surface modifications of LiMn 2 O 4 are also carried out by either ALD coating directly onto the entire LiMn 2 O 4 /carbon/PVDF composite electrode or coating only on LiMn 2 O 4 particles in electrode. The former results in more significantly improved electrochemical performance of cathode, possibly because ALD coating onto entire electrode provides better mechanical integrity and preserves contact between LiMn 2 O 4 particles and carbon/poly-vinylidenefluoride network.
INTRODUCTION
In the past decade, lithium-ion batteries (LIBs) have been used as a major power source for portable electronics. 1, 2 Spinel lithium manganese oxide (LiMn 2 O 4 is one of most popular lithium-ion (Li-ion) battery cathode materials due to its unique advantages such as high working voltages, easy production, low cost and non-toxicity. 3, 4 However, LiMn 2 O 4 suffers rapid capacity fading during long term cycling, especially at elevated temperature. It is mostly due to the three factors: (1) Jahn-Teller distortion effect of Mn 3+ ions due to the crystallographic transformation of Li x Mn 2 O 4 (1 < x < 2) from spinel structure to tetragonal * Author to whom correspondence should be addressed.
phase with poor Li-intercalation properties; 5 (2) electrolyte decomposition 6 at high potentials caused by strong oxidation ability of Mn 4+ at the end of charge reaction on the surface of LiMn 2 O 4 cathode. The formed solid electrolyte interphase (SEI) causes increased charge transition resistance and distinct electrochemical polarization on the electrode; 7 and (3) manganese dissolution into electrolytes 8, 9 during electrochemical cycling, which is caused by the attack from acidic hydrofluoric acid (HF) resulted from reactions between residual H 2 O and hexafluorophosphate (LiPF 6 in the electrolyte. Along the manganese dissolution, inactive phases such as rock salt phase (Li 2 MnO 3 and tetragonal phase (Li 2 Mn 2 O 4 are yielded. 10 Among the three factors, the third one is believed to be mostly responsible for the fast capacity degradation of LiMn 2 O 4 are mostly limited to sol-gel processing, 14 emulsion drying 19 and melting impregnation 20 techniques. Coatings resulted from these methods are usually 50-100 nm thick 21 and lack conformality, uniformity and completeness. The thick oxide coating on LiMn 2 O 4 can hinder Li-ion transfer between active material and electrolyte. Besides, such coatings are too thick to be produced onto nanostructured battery electrodes which have attracted increasing research attention recently. Moreover, surface coatings for nanosized electrodes are more important because these electrodes have large surface area exposed to electrolytes and dissolution of active materials become even faster. Therefore, it is highly necessary to explore novel surface modification techniques for achieving much thinner and more conformal coatings for new-generation LIBs technology.
Compared to conventional deposition methods of oxide coatings mentioned above, atomic layer deposition (ALD) can be used to deposit ultrathin and highly conformal surface coatings with precise thickness control at atomic scale. Additionally, ALD requires only a minimal amount of precursors. 22 ALD is unique in the sense that film growth by ALD is surface controlled via sequential exposures, separating the (usually binary) reaction between precursor compounds into two half-reactions. During each half-reaction, only one monolayer of the reactant is chemisorbed (or is chemically bound) on the surface of substrate. Further layers, which are only physisorbed, are removed by an inert gas purge before the other reactant is introduced. As a result, the process proceeds stepwise in self-limiting surface reactions, separated by purge steps. Hence, films grown using ALD are typically uniform, dense, homogenous, pinhole-free, and extremely conformal to the underlying substrate. Moreover, ALD has excellent step coverage (∼100%) and refilling ability on particles and porous structures. 22, 23 Lee et al. have presented several reports about using oxide ALD coatings to improve cycling performances of both cathodes and anodes. 7, 12, [23] [24] [25] [26] [27] [28] [29] [30] [31] And their studies on ALD-coated cathodes focus on LiCoO 2 . To the best of our knowledge, there is no report about the effect of ALD coatings on electrochemical properties of LiMn 2 O 4 so far, except a communication paper we published recently. 25 In the present work, we use ALD to deposit ultrathin and highly conformal Al 2 O 3 coatings onto micron-sized and nano-sized LiMn 2 O 4 particles or electrodes composed of these particles, to explore their capacities and cycling performances at different charge/discharge rates at elevated temperature (55 C), and to study the effect of ALD surface coatings on electrode materials of different sizes. Al 2 O 3 is chosen as the coating material here, because it is one of the most effective coatings produced via wet chemistry methods for LiMn 2 .5%) and poly-vinylidenefluoride (PVDF, Alfa Aesar) with a weight ratio of 80:10:10 were added into N -methyl-2-pyrrolidone (NMP) solvent. The resultant viscous slurry was coated onto the aluminum current collector using an AFA-III automatic film applicator (MTI Corporation) with a thickness setting of 500 m and then dried at 120 C overnight under vacuum. The dried electrodes were pressed to an effective thickness of 50 m by using an EQ-MR100A rolling press machine (MTI Corporation). Approximately 10 mg active material was loaded in the circular working electrode with a diameter of 18.9 mm. and highly conformal even along the curved edges of LiMn 2 O 4 particle ( Fig. 1(b) ). Thickness of this Al 2 O 3 ALD coating (50 ALD layers) is estimated to 6.07 nm, corresponding to an ALD growth rate of 1.2 Å/cycle. This growth rate is slightly higher than ∼1.1 Å in thickness per layer as reported in literature. 34 In the present work, the Al 2 O 3 ALD film is deposited on particles and there is less hindrance from neighboring molecules in the adsorption step during the film growth on curved surface of particles. Thus the ALD growth on particles is faster than ALD growth on flat substrates, leading to higher growth rate. (Fig. 3(b) ). It is observed that gaps between nm-LiMn 2 O 4 primary particles are at nanometer scale, which makes it difficult to deposit complete and conformal coatings onto primary particles via commonly used wet chemical methods. On the other hand, this can be easily and effectively achieved using ALD.
Electrochemical Measurements
To ALD layers cycled at a specific current of 300 mA/g (2.5 C) at room temperature. All three Al 2 O 3 -coated electrodes show enhanced cycling performances and deliver higher final capacities than uncoated cathode over 100 electrochemical cycles. Among them, the electrode coated with 6 Al 2 O 3 ALD layers demonstrates the best cycleability and delivers the highest final capacity of 96.5 mA h/g after 100 cycles, significantly higher than final capacity of uncoated electrode (78.6 mA h/g). The final capacity of the cathode coated with 6 Al 2 O 3 ALD layers remains 95.1% of its initial capacity. Electrode coated with a thinner coating (4 Al 2 O 3 ALD layers) exhibits less satisfying cycleability delivering a final capacity of 85.6 mA h/g at the 100th cycle, because the coating is too thin to effectively protect the active material over long electrochemical cycling. For the electrode coated with a thicker coating (8 Al 2 O 3 ALD layers), the initial capacities are significantly lower than uncoated electrode, due to an overly thick insulating Al 2 O 3 ALD coating will reduce the electronic conductivity of cathode, resulting in lower capacities of cathode. In summary, Al 2 O 3 coating composed of 6 ALD layers is the optimal coating for improving the electrochemical performance of LiMn 2 O 4 . Thus, m-sized and nm-sized LiMn 2 O 4 electrodes will be modified with 6 ALD layers for electrochemical measurements in this paper. at different charge/discharge rates (1 C, 2 C, and 5 C) at 55 C. It can be seen that ALD-coated electrode shows higher capacities and better cycleability than uncoated electrode at all these different charge/discharge rates. At 1 C, uncoated m-LiMn 2 O 4 electrode delivers an initial discharge capacity of 79.4 mA h/g and a final capacity of 36.8 mA h/g after 100 electrochemical cycles, while ALD-coated electrode delivers a higher initial discharge capacity of 102.3 mA h/g and a higher final capacity of 51.5 mA h/g. At 2 C, ALD-coated electrode exhibits a final capacity of 44.0 mA h/g after electrochemical cycling at 55 C, also higher than the final capacity of 31.2 mA h/g shown by uncoated electrode at 55 C. When cycled at 5 C, both uncoated and ALD-coated electrodes show significant drop in capacity, but the capacity of ALD-coated electrode is still higher than that of uncoated electrode. Such Intensity/a.u.
Al 2p
Binding Energy/eV Intensity/a.u. highly conformal Al 2 O 3 ALD surface coatings which isolate the electrode from electrolyte and reduce Mn 2+ dissolution. It is also noted that capacity retention is improved (though capacity decreases) for both uncoated and ALD-coated electrode when charge/discharge rate is increased from 1 C to 5 C. The capacity drop is attributed to a smaller portion (surface part) of active material that functions at a higher charge/discharge rate, but the surface portion can absorb and release Li + ions at necessary speed, yielding a reduced capacity loss of LiMn 2 O 4 during cycling. Another reason for the capacity drop with increasing rates (1 C to 5 C) is more severe corrosion of HF resulted from reaction between fluorinated anions and residual H 2 O. 8, 9 Dissolution of Mn 2+ becomes much faster when LiMn 2 O 4 is cycled at a high charge/discharge rate in a high-temperature environment. Likewise, Al 2 O 3 ALD coatings are able to enhance capacity and cycleability of nm-LiMn 2 O 4 electrodes at all different charge/discharge rates. In particular, the effect of ALD coating to enhance electrochemical performance is more significant for nm-LiMn 2 O 4 electrode when it is cycled at high charge/discharge rate such as 5 C. At 1 C, uncoated nm-LiMn 2 O 4 electrode delivers an initial discharge capacity of 138.4 mA h/g and a final capacity of 107.9 mA h/g after 100 electrochemical cycles, whereas the coated electrode shows a higher initial discharge capacity of 142.5 mA h/g and a higher final capacity of 112.0 mA h/g with a better capacity retention rate of 78%. At 2 C, the final capacity increases from 106.3 mA h/g to 110.0 mA h/g after ALD coating. At 5 C, ALD coated electrode delivers an initial discharge capacity of 124.7 mA h/g and a final capacity of 106.7 mA h/g after 100 electrochemical cycles which is higher than the final capacity of uncoated electrode (95.5 mA h/g). In addition, Al 2 O 3 -coated nm-LiMn 2 O 4 electrode cycled at 5 C exhibits the best cycling performance with a capacity retention rate of 85%, and the effect of ultrathin ALD coating to improve capacity and cycleability of nm-LiMn 2 O 4 electrode is more distinct at high charge/discharge rate.
If we compare Figures 5(a) and (b), nm-LiMn 2 O 4 electrode shows higher capacities and better rate capabilities than m-LiMn 2 O 4 electrode, due to the larger surface area and shorter diffusion distance provided by nanostructured electrodes. 42, 43 It can also be observed that the effect of ALD surface coatings to improve capacity and cycling stability is more distinct for nm-LiMn 2 O 4 electrode than for m-LiMn 2 O 4 electrode, because nano-sized electrode material is more active and easier subject to attack from the acidic HF formed by the residual H 2 O and LiPF 6 in the electrolyte 35, [44] [45] [46] and thus surface passivation is even more important to nanostructured electrodes. Coatings synthesized via commonly-used wet chemical methods are too thick to be deposited onto nano-sized electrodes to prevent manganese dissolution, while ultrathin and highly conformal ALD coatings are necessary for nanostructured electrodes.
To further study the effect of ALD modification on LiMn 2 O 4 , two types of ALD-coated electrodes are fabricated: one is electrode composed of ALD-coated LiMn 2 O 4 particles and uncoated carbon/PVDF network (Al 2 O 3 -P); the other is ALD-coated electrode ALD film with ALD film coated onto the entire electrode (Al 2 O 3 -E). Structures of these two electrodes in comparison with bare electrode are illustrated in Figure 6 . Since ALD allows for the growth of conformal films even on substrates with complex surface geometries, 33, 34 ALD film will penetrate the porous electrode and be coated onto both LiMn 2 O 4 particles and mesoporous framework bridged by carbon and PVDF in the case of "Al 2 O 3 -E," as illustrated in the right picture of Figure 6 are fully covered by ALD films and are separated from carbon/PVDF network by surface ALD coatings. Therefore, in these three different electrodes, there are various interfaces between LiMn 2 O 4 particles, ALD coatings, carbon and PVDF composites, and surrounding electrolyte, to affect electron transport and Li-ion diffusion during delithiation/lithiation reactions, resulting in different electrochemical behaviors of these electrodes. Our results confirm that ultrathin Al 2 O 3 ALD coatings can improve the electrochemical performance of both micron-sized and nano-sized LiMn 2 O 4 at different charge/discharge rate at 55 C. Furthermore, the effect of ALD coating is more distinct for nano-sized LiMn 2 O 4 , and more distinct for cycling at high charge/discharge rates. It is known that insulating Al 2 O 3 is a conventional coating material for cathode materials in Li-ion batteries, and most of research focuses on thick Al 2 O 3 coatings formed by traditional chemistry methods (e.g., solution or sol-gel routes). Therefore, the mechanism of ultrathin 33 This glass layer can prevent the direct contact between active material and electrolyte, and thereby reduces decomposition of electrolyte components and corrosion from HF, yielding better cycling performance of Li-ion batteries. 48 particles and carbon network, and Li-ion diffusion through the active material in charge/discharge processes is hindered as well. 24 In contrast, Al 2 O 3 ALD coating on electrode preserves the contact between LiMn 2 O 4 particles and carbon network, which act as electronic pathways to allow much higher electrical conductivity. 24 As a result, Al 2 O 3 -E delivers higher capacities than Al 2 O 3 -P during cycling measurements in our work. In summary, ultrathin Al 2 O 3 ALD coatings can significantly improve electrochemical properties of LiMn 2 O 4 cathode material, and such improvement becomes even greater for the coatings directly on electrodes.
CONCLUSIONS
We have modified the surface of micro-sized and nanosized LiMn 2 performance of Li-ion battery cathodes, particularly for nanostructured cathodes cycled at high charge/discharge rates in an elevated-temperature environment.
